Structural field relations, petrologic and geochemical studies, and radiometric age aualysis of metamorphic rocks at the base of the Brooks Range ophiolite provide a record of the time, tectonic setting, and initial conditions of ophiolite emplacement during the Middle Jurassic western Brookian orogeny. The metamorphic sole of the Misheguk, Siniktanneyak, and Avan Hills ophiolite bodies is transitional with and geochemically similar to basalt, chert, limestone, and psammitic material mostly of the Copter Peak allochthon. Dynamothermal metamorphism of these rocks produced garnet-bearing amphibolite and quartz-mica schists that decrease in metamorphic grade and ductile strain inteusity downward. These high-grade rocks are separated by thin, fault-bounded intervals from underlying greenschist facies and unmetamorphosed basalt and sedimentary rocks. The maximum total thickness of both parts of the metamorphic sole is <500 m.
INTRODUCTION
Nappes of mafic and ultramafic igneous sequences commonly form the uppermost thrust sheets of imbricated continental *Present address: Department of Geology, Brigham Young University, Provo, Utah 84602. margin successions in many collisional mountain systems. These allochthonous igneous sequences are loosely termed "ophiolites" or "Alpine-type" ultramafics (Coleman, 1977) . Other classification schemes such as "Tethyan-or Cordilleran-type" ophiolites (Moores, 1982) are also used to distinguish between ophiolites thrust over continental margins (Tethyan-type) and those that form terrane c~llages (Cordillerian-type). Although ophiolites Harris, R. A., 1998 , Origin and tectonic evolution of the metamorphic sole beneath the Brooks Range ophiolite, Alaska, in Oldow, J. S., and Ave Lallemant, H. G., eds., Architecture of the Central Brooks Range Fold and Thrust Belt, Arctic Alaska: Boulder, Colorado, Geological Society of America Special Paper 324.
. represent a diverse assortment of tectonomagmatic settings (Coleman, 1984) , most Tethyan-type ophiolites are chemically .similar to oceanic island arc-complexes (pearce et al., 1984) . The similar structural position and tectonic associations of these ophiolites in different continental fold-thrust belts suggest common mechanisms for emplacement.
A very important feature of many Tethyan-type ophiolite nappes are the thin sheets of metamorphic rock at their structural bases (i.e., Williams and Smyth, 1973; Searle and Malpas, 1980; Ghent and Stout, 1981; Moores, 1982; Jamieson, 1986) . These metamorphic rocks (herein referred to as metamorphic soles) form part of the basal shear zone of ophiolite nappes and are characterized by an inverted sequence of amphibolite-and greenschistfacies metabasalt (mostly E-and T-type mid-oceanic ridge basalt [MORE] ), metachert, and marble. The shear zone commonly juxtaposes the metamorphic sole with structurally underlying distal facies continental margin deposits. Locally these deposits are structurally omitted placing the metamorphic sole directly on proximal facies shelf units. This structural contact represents an early collisional plate boundary that was uplifted by subsequent accretion of lower plate material in the collision zone.
Rocks incorporated into the metamorphic sole represent some of the first material to underthrust the "hot" ophiolite after detachment from its roots and before cooling. Determining the protolith, structural evolution, and timing and conditions of metamorphism of the metamorphic sole may constrain the tectonic setting, temperature, transport direction, and even the minimum age of initial ophiolite emplacement. These data are critical for resolving various models for the tectorllc affinity of ophiolites and determining the temporal and spatial relations between ophiolites and the orogenic belts where they reside.
The Brooks Range ophiolite has a metamorphic sole of gamet-bearing amphibolite and quartz-mica schist, greenschists, and metabasalt, chert, marble, and psammitic material. Since the first general field descriptions of th,e Brooks Range ophiolite were published by Snelson and Tailleur (1968) and Martin (1970) , interpretations of its ophiolitic associations and tectonic· significance have relied on sparse data from reconnaissance-style . studies (i.e., Patton et al., 1977; Roeder and Mull, 1978) . The purpose of this paper is to present data collected along several structural transects through the metamorphic sole of the Brooks Range ophiolite, which is exposed mostly at the base of the Misheguk Mountain and Avan Hills ophiolite bodies (Fig. 1) .
REGIONAL OVERVIEW
The Brooks Range allochthon belt (Mayfield et al., 1983) comprises the western 200-300 km of the Brooks Range foldthrust mountain system of Arctic Alaska (Fig. 1) . The western Brooks Range exposes the highest structural levels that are eroded from the central and eastern part of the orogen. The stratigraphic record of the western Brooks Range represents a long interval of passive continental margin development. These conditions persisted from early Paleozoic to the Middle Jurassic onset of orogenesis. The passive margin was shortened by collision with arc terranes of the Yukon-Koyukuk province (Roeder and Mull, 1978; Box, 1985; , which is presently south of the Brooks Range (Fig. 1) . The initial phases of this collision involved detachment and tectonic emplacement of large ophiolitic thrust sheets, which are partially preserved in the western Brooks Range. The final pulses of the orogen are associated with basement involved thrusting and rapid hinterland unroofing (Gottschalk and Oldow, 1988; Till et al., 1988 ). An extensive blueschist belt is exposed in the hinterland (patton et al., 1977) .
The shear zone at the structural base of the Brooks Range ophiolite served as the initial plate boundary between underthrust continental material and impinging arc terranes of the upper plate. Metamorphic rocks in this shear zone provide an important record of these events. Relocation of the plate boundary during and after accretion determines to a large extent how well the earlier tectonic.
features associated with ophiolite emplacement are preserved. In the western Brooks Range, as in Oman (Searle and Malpas, 1980; Harris, 1992) , postcollision deformation was minimal and subjected the fold-thrust mountains to only minor subsequent structural and thermal overprints. This differs from most other parts of the North American Cordillera that were intensely modified by Laramide and subsequent phases of deformation (e.g., Moores, 1970) .
The structural relations preserved in the western Brooks Range indicate hundreds of kilometers of passive margin contraction associated with emplacement of extensive ophiolite sequences (Martin, 1970; Tailleur, 1970; Mull, 1982; Mayfield et al., 1983) . Arctic Alaska is now bounded by two principal geologic features: a passive continental margin to the north and a collisional margin known as the Kobuk suture to the south. The Kobuk suture separates Arctic Alaska from arc terranes of the Yukon-Koyukuk province (Fig. 1 ) in the hinterland of the Brooks Range. The metamorphic sole at the base of the Brooks Range ophiolite is also considered part of this suture zone.
Brooks Range ophiolite
The Brooks Range ophiolite consists of mafic and ultramafic thrust sheets that form five different klippen-like massifs of consanguineous composition, internal organization, structure, and age (Harris, 1995) . The massifs are known from west to east as Iyokrok, Asik, Avan Hills, Misheguk, and Siniktanneyak (Fig. 1) . The ophiolite bodies most likely represent fragmented and eroded remnants of what was initially an extensive roof thrust perhaps as large as 350 km in strike length, 50 km in width, and as much as 3-4 km thick.
The composition of the Brooks Range ophiolite consists of the following igneous sequence in ascending order: (1) tectonized peridotites, (2) ultramafic cumulates, (3) layered gabbro, (4) massive gabbro and high-level intrusives, (5) out-of-sequence intrusives, and (6) rare sheeted dikes, lavas, and sediments (Harris, 1995) . The various units are most commonly transitional except for local intrusive relations. Chemically, the Brooks Range ophiolite is typical of ophiolites that are transitional between MORE-and arc-types (Harris, 1992 (Harris, , 1995 . Transitional-type ophiolites are considered by Pearce et al. (1984) to represent tholeiitic magmas derived from rr;
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o. _ .0. : . partial melts of a moderately depleted mantle. Modem examples of thin oceanic crust with transitional-type geochemistry are documented from small ocean basins in the western Pacific, Scotia, and Andaman Seas. Most of these basins formed by processes of intraarc spreading (Moores et al., 1984; Pearce et al., 1984) .
Angayucham terrane
Along the Kobuk suture zone of the southern Brooks Range the Angayucham Mountains (Fig. 1 ) expose a narrow, curvilinear belt of Devonian to Early Jurassic pillow basalt, diabase, basaltic tuff, and radiolarian chert (Patton et al., 1977; Pallister et al., 1989) . Structurally overlying the basalHhert terrane are fragments of mafic and ultramafic thrust sheets of the Brooks Range ophiolite (Patton and Box, 1989; Harris, 1992) . The gross similarity of the two separate allochthonous masses initially led to incorrect correlations that lump the Brooks Range ophiolite with the Angayucham terrane (Jones et al., 1981; Box, 1985; Moore and Grantz, 1987; Plafker, 1988) .
R. A. Harris .

Copter Peak allochthon
In the western Brooks Range fold-thrust zone, Angayuchamlike volcanic and sedimentary rocks are known as the Copter Peak allochthon (Ellersieck et al., 1982) . Thrust sheets of the Copter Peak allochthon commonly form the uppermost structural elements of the western Brooks Range fold-thrust belt, except where they are structurally overlain by Brooks Range ophiolite massifs. The Copter Peak allochthon has remnants of thick mafic igneous crust that consist of amygdaloidal and vesicular pillow and massive basalt and, to a lesser extent, felsic lavas and diabase. Chert, tuff, carbonate, and some clastic detritus are tectonically interleaved with the igneous rocks. Chert layers yield Pennsylvanian-Upper Triassic radiolaria (Nelson and Nelson, 1982; Ellersieck et al., 1982) and may be correlative with distal rise deposits of the Arctic Alaskan passive continental margin (Etivluk Group). Most of the carbonate is similar in facies and fauna to Devonian sections of para-autochthonous shallow-water limestones (Baird Group limestone, see Dumoulin and Harris, 1987) . The structural relations between limestone and volcanic rocks of the Copter Peak allochthon are ambiguous. Mayfield et al. (1983) considered the carbonate as part of continental margin material that was tectonically slivered with volcanic rocks. Nelson and Nelson (1982) claim stratigraphic continuity from pillow lavas into carbonate with Devonian fauna and rounded pebbles of basalt.
Lithologic, biostratigraphic, and structural similarities justify including the Copter Peak allochthon as part of the Angayucham terrane. The basalt, chert, and other rocks associated with this terrane were accreted to the base of the Brooks Range ophiolite at the onset of the Brookian orogeny.
Geochemistry ofthe Angayucham/Copter Peak igneous rocks
Geochemical studies of Copter Peak allochthon igneous rocks yield similar results to basalts of the Angayucham terrane in the Kobuk suture (Harris, 1987; Moore, 1987; Wirth et al., 1987) . Both complexes consist of tholeiites and some compositions transitional to alkali-basalt. Trace-element discriminant analysis of the lavas yields N-and T-type MORE trends with mostly "within-plate basalt" associations. These chemical affInities are found in many intraplate tectonic settings. Geochemical data from volcanic material in the Kobuk suture zone is interpreted by Barker et al. (1988) and Pallister et al. (1989) as ocean-plateau and ocean-island basalts. These rocks are also similar to basalts from distal continental margins. Examples of thick (10 km) deposits of N-and T-type MORE lavas exist along the Norwegian-Rockall and conjugate east Greenland banks; outer Scott, Wallaby, and Naturaliste plateaus of Western Australia; and the southeast Weddell Sea of Antarctica (Mutter et al., 1988) . A distal continental margin origin for the basalt-chert terrane is also supported by stratigraphic relations between the sedimentary sequence interbedded with lavas and continental margin sequences of Arctic Alaska (Dumoulin and Harris, 1987; Alexander, 1990) .
Although igneous geochemistry is limited in distinguishing between possible tectonic settings of transitional-type ophiolites, it is useful for discriminations between igneous rocks of signifIcantly different lineage. Geochemical differences between the igneous rocks from the Brooks Range ophiolite and the Angayucham terrane preclude any genetic relation between them (Harris, 1992 (Harris, , 1995 . The melts that formed the Brooks Range ophiolite had a moderately depleted source compared with the normal and enriched sources for Angayucham terrane lavas. Although a range of possibilities exists for the tectonic setting of both igneous complexes, there is little potential for overlap.
The Angayucham igneous complex documents a long interval of intraplate-type magmatism associated, at least in part, with the development of the Arctic Alaskan passive continental margin. The formation of the Brooks Range ophiolite immediately proceeds the contraction of this margin and juxtaposition of the two different igneous terranes. The timing and conditions of accretion of the two terranes are constrained to some extent by the thin metamorphic complex that locally occurs between them.
SUBOPHIOLITE METAMORPHIC COMPLEX
Glacial incisions through klippen of the Brooks Range ophiolite expose its structural base and metamorphic sole at severallocations over a distance of 130 km. Reconnaissance descriptions of these metamorphic rocks are available for the Avan Hills (Zimmerman and Frank, 1982; Harding et al., 1985; Wirth et al., 1986) , Misheguk (Harris, 1987) , and Iyokrok (Boak et al., 1987) ophiolite bodies. The most extensive and complete occurrence is at Misheguk, which together with the Avan Hills metamorphic sole are the focus of this investigation.
At Misheguk the metamorphic sole forms a series of northeast-southwest-trending dark-colored hills along the northwest flank of the ophiolite body (Fig. 2) . The metamorphic sole is characterized by intercalations of black amphibolite, maroon and black metasedimentary schists, dark green metavolcanic rocks, and cream-colored metachert. The rocks are generally fine grained with a strong, commonly mylonitic, layer-parallel foliation. Table 1 provides a description of mineral parageneses from twelve traverses through the metamorphic sole at Misheguk shown in Figure 2 . Mineral parageneses are listed relative to distances from the structural base of the Brooks Range ophiolite, which is signified by "gz" (gouge zone) on Figure 2 .
Field relations
Traverses 1-4. Northwest of Misheguk Mountain metamorphic sole rocks underlie tectonized peridotite and dunite (Fig. 3a) . The complex consists of 0-40 m of garnet amphibolite, which overlies a low-grade (greenschist facies) assemblage with mafic volcanic and pelagic sedimentary protoliths. The lowgrade rocks are less than 200 m thick and decrease in grade downward toward unmetamorphosed distal facies continental margin deposits and melange. Faults structurally thin and eventually eliminate the metamorphic sole along strike, sometimes juxtaposing the ophiolite complex with Devonian and younger Baird Group carbonate, Etivluk Group pelagic material, and Cretaceous Okpikruak Formation.
Traverses 5-9. On the northeast flank of Misheguk Mountain metamorphic sole rocks underlie cumulate ultramafic rocks and layered gabbro (Fig. 3b) . The mantle sections of the Brooks Range ophiolite are structurally omitted. Immediately below the cumulate sequence is a thick (as much as 50 m) fault gouge zone composed of phacoidal blocks (as much as 5 m in diameter) of mylonite, serpentinite, tectonized peridotite, gabbro, and rodingite floating in a dominantly serpentinite matrix. Veins of calcite and prehnite intrude the gouge zone. The fault gouge is underlain by a thin (0-30 m) band of garnet-bearing amphibolite and quartz-mica schist. The schists grade in broken succession downward into greenschists followed by altered melange, volcanics, pelagics, and carbonates of the Copter Peak allochthon. The metamorphic complex strikes east-northeast toward the north flank of peak 1217, maintaining a structural thickness of about 1.5 km.
Traverses 10-12. Dark green amphibolitic metabasalt with locally preserved igneous textures is exposed for about 1 km along a continuous ridge on the north flank of peak 1217 ( Fig. 2 and 3c ). The emplacement fault and inverted metamorphic complex dip steeply and are locally overturned by as much as 30°(dip 60°n orth). Faulted slivers of porphyroclastic harzburgite and lherzolite, and 2.5 km of massive dunite, which originally overlay the metamorphic complex, now underlie it along an overturned thrust.
The overturned metamorphic complex consists of an imbricate sequence of fault slices that range in thickness from 50 to 120 m (Fig. 3c) . Metamorphic grade and deformation intensity decrease upward away from the Brooks Range ophiolite in each overturned slice and throughout the imbricate stack toward altered mafic lavas of the Copter Peak allochthon. Copter Peak volcanic rocks are juxtaposed with greenschists of the metamorphic complex along a north-dipping fault, which is also overturned. Scaly clay melange with blocks of Copter Peak volcanic rocks, Etivluk Group chert, and some metamorphic clasts surround the overturned sequences (Fig. 3c) .
Traverse ofthe Avan Hills. The Avan River drains a glacial valley cut through the Avan Hills ophiolite body into the structurally underlying Copter Peak allochthon (Fig. 3d) . Subophiolite metamorphic rocks, serpentine, and tectonized harzburgites are found at several locations along the flat-lying structural base of the ophiolite. Thin layers (few decimeters) of lower-greenschistfacies metabasalt, garnet amphibolites, and granitic mylonites were found during this study. The granitic material intrudes the base of the ophiolite nappe only for a distance of a few meters and is subsequently deformed. Mylonitic fabrics in these rocks are most intense at the structural base of the nappe.
Structure
The metamorphic sole documents a complex multiphase history of ductile and brittle deformation associated with emplacement and fragmentation of the Brooks Range ophiolite. The largest remnants of the metamorphic sole are found on the north flank of Misheguk Mountain, where most of the measurements for this study were obtained. In this region metamorphic rocks form a thrust and folded stack as much as 1,200 m thick that trends east-northeast to west-southwest. High-angle oblique slip faults offset the structural stack of metamorphic rocks locally (Fig. 2) . Basalt, chert, and limestone of the Copter Peak allochthon form thrust sheets and broken formation within the stack. Structures were also analyzed from poorly exposed outcrops of the metamorphic sale at Avan Hills and Siniktanneyak.
The internal structure of the metamorphic sole is dominated by a layer-parallel mylonitic schistosity (SI), which is associated with Dl and was subsequently folded and fractured by post-peak metamorphism deformation, D2. Poles to S1 foliation plot along a north-northwest to south-southeast girdle with a pole near to the mean of F2 axes (Fig. 4a) . Layer parallelism is demonstrated by the overlap between the poles of foliations and folded chert layers near the base of the metamorphic sole (Fig. 4b) .
Three phases of folding are recognized in the metamorphic sole. The fIrst phase (Fl) is found in helicitic garnet inclusions ( Fig. 5 ), rotated porphyroclasts, and northwest-vergent isoclinal microfolds associated with S1. F2 folds are more obvious in the field because they modify the entire thrust stack. These folds have southeast-dipping axial planes ( Fig. 4c) , which indicate vergence to the northwest. Locally these folds overturn sections of the ophiolite and the metamorphic sole (Fig. 3c ). F3 folds are poorly developed, have a low amplitude, long wavelength, and plunge steeply to the southeast (Fig. 4c) .
Two major sets of faults are found (Fig. 4d ). Northsouth-striking faults are commonly associated with SI foliations and are interpreted as forming during D1. East-west-striking faults include those forming the base of the Brooks Range ophiolite at Misheguk, Avan Hills, and Siniktanneyak. Major discontinuities in metamorphic grade occur across these faults, which are associated with top-to-the-northwest, F2 folds. Grooves on fault surfaces associated with the basal thrust of the Brooks Range ophiolite trend north-south. A variety of groove orientations were found on other faults, which produce an ambiguous kinematic pattern. Grooved fault surfaces indicate that latest motion along many faults was near horizontal. Crosscutting and abutting mode 1 fractures mostly trend north-south, which may indicate the orientation of stresses after faulting.
Microstructures show various effects of inhomogeneous rotational shear overprinted locally by static crystal growth (Fig. 5 ). Most early, foliation-forming mineral grains show strong dimensional preferred alignment, streaky mylonitic foliation, and lenticular porphyroclasts of strained plagioclase, amphibole, and snowball and helicitic garnet that are enclosed by sheety and fIbrous silicates with rotational asymmetry.
Shear-sense indicators such as asymmetric augen structures and pressure shadows, composite or s-c planar fabrics, mica "fish," asymmetric microfolds, shape-preferred orientations, mineral stretching lineations, and displaced broken grains were inspected in thin sections oriented parallel to Dl lineations. These structures show a top-to-the-northwest displacement during the earliest recorded and most penetrative phase of deformation.
.
Deformation mechanisms
Dynamic recrystallization of quartz formed subgrains and neoblasts by mechanisms of grain boundary migration and subgrain rotation distortions. In amphibolite-grade sections of the metamorphic sole, quartz shows evidence of near-complete recovery. Many layers have equant, strain-free subgrains with 120 triple junctions. Other layers have more irregular, bulging grain boundaries, and preserve deformation bands. Polycrystalline quartz ribbons are common ( Fig. 5c and d) . Quartz grains in lower amphibolite and greenschist facies parts of the metamorphic sole are larger, with more common deformation bands, and serrated grain boundaries.
The softening effect of dynamic recrystallization caused localization of strain that is documented in the metamorphic sole by changes in quartz subgrain diameter. Under steady-state conditions grain size reduction is a function of flow stress and is essentially temperature independent (Twiss, 1986) . Quartz subgrain diameters were measured in oriented thin sections from throughout the metamorphic sole (Table 1) . Most samples yield a unimodal distribution of grain size where 60-70% of the grains vary by only 3 j1lll. Quartz subgrain sizes range from 4.13 to 8.14 j1lll within 20 m of the ophiolite, and from 6.00 to 10.70 j1lll between 20 and 70 m from the ophiolite (Table 1) . Traverse 11 shows the most systematic trend of reduced grain size toward the basal contact of the ophiolite.
Applying the results of laboratory piezometric studies (Mercier et al., 1977; Schmid, 1982; Twiss, 1986) to the size of quartz subgrains in the metamorphic sole predicts flow stresses of 150-200 MPa within 20 m of the ophiolite, and 80-160 MPa 20-70 m below the contact. The deformation mechanism map of Rutter (1976) predicts that at temperatures of 500-600°Cand flow stresses greater than 100 MPa that quartz will deform by dislocation glide at rapid strain rates of 10-10 S-l to 10-9 S-l.
Crystal plastic deformation of other minerals indicate similar dynamothermal metamorphic conditions to those of quartz. Calcite grains between 40-100m below the ophiolite range from 0.5-3 j1lll in diameter, which is consistent with yield stresses 40-70 MPa at room temperature (Olsson, 1974) . K feldspar is slightly recrystallized within 20 m of the base of the ophiolite, which initiates in laboratory tests at temperatures of more than 500°C (Kronenberg and Shelton, 1980) . Crystal plastic deformation was followed locally by thermal annealing producing blastomylonitic and hartschier textures in some amphibolitic sections of the metamorphic sole. Crossmicas, helicitic and idioblastic gamet and amphibole, polygonization, and chlorite and epidote pseudomorphism locally crosscut foliations. Some clasts have much coarser, randomly oriented grains than the matrix fabric, and preserve various relict phases of the metamorphic history. The transition from D 1 layer-parallel flattening to D2 folds accompanies the annealing and subsequent passage of the rocks through the brittle-ductile transition.
Brittle disruption of ductile fabrics by faults, fractures, cataclasis, and veining indicate low temperatures or high strain rates during the final phases of ophiolite emplacement. Low-grade mineral-filled veins are associated with metamorphic retrogression and high fluid pressures. Early crosscutting and some layerparallel fractures are sealed by secondary mineral deposits (albite, prehnite, calcite, chlorite, and sometimes epidote and pumpellyite) possibly associated with serpentinization of the overlying Brooks Range ophiolite.
Petrology and mineral paragenesis
Lithologic descriptions of samples from traverses made through the metamorphic sole and into immediate underlying rocks are provided in Table 1 . Lateral discontinuities and postmetamorphic faulting make it difficult to correlate individual lithologic units between traverses. However, where thick sections of the metamorphic sole are exposed, a similar lithologic succession is found. This succession consists, in descending order, of: (1) a zone of cataclasis and partial melt intrusion at the structural base of the ophiolite, (2) amphibolite and quartz-mica schists, (3) greenschist facies metavolcanic and metasedimentary rocks, and (4) volcanic and sedimentary rocks of the Copter Peak allochthon and underthrust continental margin sequences (described above). Metamorphic rocks form two distinct units that are referred to as the upper or amphibolite unit and lower or greenschist units of the metamorphic sole.
The initial thickness and metamorphic gradient of the succession are difficult to estimate due to postmetamorphic deformation. North of Misheguk Mountain the metamorphic sole is commonly structurally thickened, whereas west of Misheguk Mountain, and at Avan Hills and Siniktanneyak, most of the Nelson and Nelson (1982) report small (1-5 ill width), two-mica alaskite dikes (S-type granites) that intrude mylonitic dunite and peridotite immediately above the structural base of the Brooks Range ophiolite at Siniktanneyak. Further study of these dikes as part of this investigation found granodiorite, quartz-diorite, and tonalite compositions. Glassy quartz and albite(?) veins are also abundant. Most of the dikes are near-vertical, wedge-shaped prongs that narrow upward from the base of the ophiolite and pinch out only a few decimeters into the mantle sequence hanging wall. Some dikes have mylonitic textures, indicating that intrusion coincided with various stages of tectonic emplacement.
The concentration of granitic dikes along the structural base of the Brooks Range ophiolite mantle sequence, and the geometry and composition of the dikes, show that some partial melting was associated with thrusting of the hot ophiolite over felsic footwall rocks, as suggested in other settings by Clemens and Wall (1981) . Harding et al. (1985) interpreted granitic dikes at the base of the Avan Hills peridotite as segregations of anatectic granitic melt. However, it is also possible that the dikes and particularly the veins are a product of solid-state diffusional processes related to solution mass transfer during metamorphism.
2. Amphibolite facies schists. Garnet-bearing amphibolitegrade schists and mylonites are widely distributed immediately below the structural base of mantle peridotites of the Brooks Range ophiolite. Locally these rocks are "welded" to the structural base of the ophiolite and occur as part of the hanging wall above fault-gouge zones. Compositional bands in the schists and mylonites are common and consist of altemating bands of maficand felsic-rich material. The most common rock types are garnet-bearing amphibolites and quartz-mica schists. A discontinuous zone of epidote-amphibolite occurs in traverse 9 (Table 1) .
The most common mineral parageneses in amphibolite grade schists are hornblende-plagioclase ± garnet ± epidote ± quartz ± chlorite ± sphene ± orthoclase ± ilmenite. Accessory minerals include zircon, tourmaline, apatite, and iron oxides. The relative proportions of hornblende to plagioclase, low abundance of quartz, relict igneous textures, and bulk chemistry suggest that .the amphibolites have basaltic and gabbroic protoliths. At Avan Hills, Zimmerman and Frank (1982) reported the assemblage amphibole-plagioclase-quartz-orthopyroxene ± garnet. However, orthopyroxene has not been found in any samples collected from the base of the Avan Hills body during this investigation. Along Kisimilot Creek, at the structural base of lyokrok, Boak et al. (1987) report metabasite with hornblende-plagioclase ± sphene ± ilmenite mineral assemblages. The metabasites are associated with more dominant para-amphibolites with layered mineral assemblages of hornblende-plagioclase-quartz ± biotite ± garnet ± ilmenite ± sphene. Distinctions of para-amphibolite are based on the occurrence in some nonmylonitized layers of rounded plagioclase porphyroclasts interpreted as relict clastic feldspars.
Banded quartz-mica schists are commonly interlayered with amphibole-schists. At Misheguk, quartz-mica schists are fine grained and consist of folded, alternating layers rich in quartz, plagioclase, mica, and graphite with garnet porphyroblasts. Other minerals of minor abundance include calcite, zircon, iron oxides, and pseudomorphs of chlorite and epidote after amphibole and plagioclase porphyroclasts. At lyokrok, schists with plagioclasequartz-biotite-garnet ± muscovite ± staurolite(?) mineral assemblages were reported (Boak et al., 1987) . These assemblages most likely have sedimentary protoliths with low abundances of Al and K (little to no muscovite). Similar clay-rich sandstones, siltstones, and silica-rich claystones are documented in the Etivluk Group of the distal Arctic Alaska passive margin (Mayfield et al., 1983) .
3. Greenschists. Greenschist-facies metamorphic rocks structurally underlie and are tectonically intermixed with amphibolites of the upper metamorphic sole. The basal contact of the metamorphic sole is transitional in places where greenschists grade in broken succession into underlying unmetamorphosed sequences. Banded schists and phyllites, similar to those interlayered with amphibolite, constitute the upper part of the greenschists. The intermixing is interpreted as a function of postrnetamorphism faulting. The bulk of the schists have mineral assemblages of quartz-plagioclase-biotite ± garnet-chlorite-pyrite (metasediments) or plagioclase-quartz-actinolite-chlorite ± garnet ± calcite ± magnetite (metabasites). Metamorphic grade decreases structurally downward where banded schists grade into, and are locally mixed with, chlorite-epidote-actinolite-albite metavolcanics with decreasing degrees of recrystallization and increasing prominence of relict igneous mineral phases (clinopyroxene and plagioclase) and textures. Metasedimentary rocks include recrystallized radiolarian chert, fossiliferous marble, argillite, shale, and tuff.
Metamorphic textures in greenschists are dramatically influenced by original textures and grain size. Mylonitic fabrics, like those described above for amphibolite, are most common in rocks near the top of the greenschists. In underlying lower grade rocks, effects of dynamic metamorphism are less common and more localized. Original textures are generally preserved in units with limited dynamic recrystallization. Thermal metamorphism of these units produces blasto-intersertal, blasto-ophitic, and blasto-porphyritic recrystallized primary igneous textures. Relict pyroxenes commonly have actinolitic overgrowths and plagioclase is albitized and clouded by clay inclusions. Rocks with finer grained original textures are more recrystallized than adjacent coarser grained ones.
Unmetamorphosed Copter Peak volcanic and sedimentary rocks most commonly underlie the greenschist unit. Etivluk Group pelagic material, melange, and broken formation are also found at Misheguk and Siniktanneyak. Locally these units form gradational contacts with the overlying metamorphic sole. Although disrupted by faults, some contacts are gradual enough to trace a single unit into the metamorphic sole. The best example is the transition from greenschist to albite-actinolite hornfels to unmetamorphosed Copter Peak tholeiite exposed along traverses 7, 8, 9, and 11 (Fig. 2) . These relations indicate that the protolith for the greenschist-facies metavolcanic rocks and intercalated sedimentary material is locally stratigraphically linked to the Copter Peak allochthon and Etivluk Group pelagics, which presently structurally underlie the Brooks Range ophiolite and its metamorphic sole.
Whole-rock geochemistry
Whole-rock geochemical analyses were conducted to test compositional similarities between rocks of the metamorphic sole and possible protolith units and to provide some constraints for the tectonic affinity of these units (Table 2 ). Major and rare earth elements were analyzed by inductively coupled plasma emission spectrometry (lCP) by methods of Walsh (1980) and Walsh et al. (1981) . Si0 2 was determined by the methods of Shapiro and Brannock (1962) . Other trace elements and some rare earth elements (REE) were analyzed with x-ray fluorescence (XRF) using methods similar to those of Thirwall and Burnard (1990) .
The abundance of "immobile" trace elements and REE in amphibolite schists is very similar to that in mafic igneous material of the Copter Peak allochthon (Fig. 6) . MORBnormalized immobile trace element abundances of mafic schists mimic the enriched N-type MORB trends of Copter Peak allochthon transitional tholeiites, which are shaded in Figure 6A . Mafic schist YINb ratios (3.6-2.1, 2.55 ave.) and Ti0 2 wt% (1.46 ave.) are also similar to the transitional tholeiite group of Copter Peak allochthon lava compositions. REE abundances in the mafic schists are also akin to more transitional-type lavas (Ce/Yb of 1.8-7.2) with slightly enriched LREE patterns (shaded in Fig. 6B ). In general, the most immobile element abundances of mafic schists in the metamorphic sole overlap with those of Copter Peak allochthon lavas; both have transitional tholeiite compositions.
Mineral chemistry
Routine microprobe analyses of metamorphic minerals were conducted to provide temperature/pressure and protolith constraints. Minerals analyzed include amphibole, feldspar, garnet, mica, epidote, chlorite, sphene, and relict grains. The minerals were analyzed at University College of London using a Cambridge Instruments Microscan V electron microprobe with a Link System energy dispersive system. Natural silicates and pure metals were used for standards.
Garnet. Almandine garnet is present but not abundant in most medium-grade metamorphic rocks within 50 m of the Brooks Range ophiolite contact. The crystals commonly occur as less than 0.8 mm idioblastic grains with inclusion-rich cores. Some inclusion trails are S-shaped and, along with snowball garnets, indicate synkinematic growth (Fig. 5 and 6 ). The geometry of inclusions within gamet cores are commonly discordant to fabrics encompassing the grains. This may be a function of static fabric development after gamet rotation or rotation not accompanied by garnet growth.
Garnet composition varies at a crystalline scale (core to rim of zoned crystals) and with distance from the Brooks Range ophiolite contact (Table 3) . Almandine-rich garnet of AIm 60.5-62.3, Sp 5.5-6.7 and Pyr 27.2-30.0 is found in metagabbro 3 m above the basal fault contact of the ophiolite along traverse 1. At the emplacement fault contact garnets are typically reversely zoned with an increase in spessartine toward crystal rims. Below the fault, garnet has prograde zoning patterns (spessartine-rich cores) and exhibit an increase in Mn from Sp 17.8 to Sp 24.3 and decrease in Mg from Pyr 12.9 to Pyr 4.9 with increasing distance from the contact. The presence of garnet throughout the metamorphic sole is strongly controlled by rock chemistry, particularly layers rich in Mn (traverse 11, Table 1 ).
Amphibole. Amphibole compositions vary systematically throughout the metamorphic sole and within individual samples. In the upper section of the metamorphic sole poikiloblastic porphyroblasts 0.5-2.2 rom in diameter of magnesio-and tschermakitichornblende are mantled by smaller neoblasts of actinolitic-and magnesio-hornblende. Si and Ti cation abundances (23 oxygen basis), which reflect grade of metamorphism (Raase, 1974; Miyashiro, 1975) , indicate porphyroblasts formed at lower amphibolite facies (6.40-6.72 Si and 0.09--0.13 Ti) and neoblasts at greenschist-amphibolite transition facies (6.93-7.30 Si and 0:03--0.07 Ti). The reverse ofthis trend is found in the underlying greenschists and epidote-amphibolites: fine-grained, foliation-forming amphiboles are usually a higher temperature variety (6.67-6.90 Si and 0.05--0.08 Ti) than amphibole porphyroblasts that are actinolitic.
Amphibole compositions provide only general constraints for interpreting the pressure and temperature of metamorphism. Pressure-sensitive relations of Alvi to Si and Aliv in metamorphic Quartz ribbon characteristics mostly fit the type 2A classification of Boullier and Bouchez (1978) . Locally a grain shape preferred orientation of type 2B occurs. d, Snowball garnet with graphitic bands. Layer-parallel Sl foliation is disrupted by F2 folds and postmetamorphic shear and tension fractures (3 mm field of view). e, Detail of snowball garnet in f{' (0.5 mm field of view). Ni  104  130  79  76  86  86  230  66  62  87  513  Cu  145  118  56  238  10  92  16  30  24  41  6  Zn  93  94  97  123  96  89  129  80  88  73  34  Rn  12  12  14  6  10  12  24  5  112  15  0  Sr  194  194  202  105  330  172  317  410  253  217  8  Y  23  23  26  33  21  21  34  18  23  15  2  Zr  58  25  16  36  32  24  49  25  113  24  5  Nb  10  10  11  13  10  10  11  5  13  9  6  Sa  169  224  608  75  121  158  903  202  446 (Raase, 1974; Fleet and Barnett, 1978) (Raase, 1974; Fleet and Barnett, 1978) was assumed for the geothermometric model. Chemical analysis of homogenous pairs of low-Mn garnet and biotite from a metapelite 40-50 m below the ophiolite were used with TWEEQU thermobarometry software (Berman, 1991) to yield temperature estimates of 550°C. The mixing models of Berman (1990) for garnet and McMullin et al. (1991) for biotite account for nonideal behavior in the solid solutions. Coexisting phases of low-Mn garnet and amphibole were also used from mylonites 4-5 m below the structural base of the ophiolite. These rocks yield temperature estimates of 500-560°C using the garnet-hornblende geothermometer of Graham and Powell (1984) . Boak et al. (1987) estimated temperatures of 560°C for a garnet rim-biotite pair in amphibolite below the Brooks Range ophiolite at Iyokrok. This estimate applies only to the mediumgrade metamorphic rocks "a few tens of meters" from the ophiolite contact. Partial melts of material thrust beneath the Brooks, Range ophiolite at Avan Hills and Siniktanneyak indicate that local temperatures along the base of the ophiolite must have been greater than 650°C, which is the intersection between the 5-Kb line and the melting curve for water-saturated peraluminous granite (Clemens and Wall, 1981) .
Compositional variation in mineral chemistry between the grade rocks nearest the ophiolite contact, and the presence of low-to medium-grade and higher grade metamorphic mineral blocks of amphibolite within greenschists, suggest the amphiboassemblages (systematic changes in plagioclase, hornblende, and lite unit may have formed before the lower grade rocks it now gamet composition upward) indicate a general increase in meta-overlies. It is also possible that mixing may have resulted entirely morphic grade upward toward the base of the Brooks Range from post-peak metamorphism faulting.
ophiolite. However, the detailed thermal evolution of the Age ofmetamorphism "inverted" metamorphic sequence is unclear. The occurrence of retrograde metamorphism and metasomatism only in the highest K-Ar and 40Ar/39Ar radiometric age analyses were conducted on hornblende from garnet amphibolite collected 5 m Figure 7 . 40Ar/39Ar age spectra for hornblende from sample 132b (traverse 7 at 4-5 m below the structural base of Brooks Range ophiolite). Plateau age has slight saddle-shaped spectrum, which may be a function of excess argon in unstable sites within the mineral grains.
The metamorphic sole of the Brooks Range ophiolite represents the initial plate boundary suture between an arc-related upper plate and the underthrust continental margin of Arctic Alaska. The plate boundary moved to lower structural levels as the Brookian orogen progressed, which.caused uplift and cooling of the metamorphic sole suture. In this process the metamorphic sole was structurally modified by postmetamorphic deformation. various pressure-temperature metamorphic conditions. Age spectra from 40Ar/39Ar analyses of hornblende, biotite, and K-feldspar from the metamorphic sole of the Brooks Range ophiolite provide constraints for effective closure temperatures of these minerals. Plotting these temperatures against time yields an empirical cooling curve for subophiolite metamorphism (Harris, 1992; Wirth and Bird, 1992) . Maximum temperatures for the cooling curve are provided by Ar closure temperatures for hornblende, which are mostly controlled by cooling rate, composition, and grain size. An intermediate-high cooling rate of 10--15°ClMa is assumed for the metamorphic sole based on differences in age between subophiolite metamorphism, basement uplift, and deposition of detritus from high-pressure metamorphic rocks (Till et al., 1988) . At these rates, the argon closure for hornblende is about 530 ± 40°C (Harrison and McDougall, 1980) . The overlap of closure temperatures and geothermometric estimates from gamet-amphibole pairs within the dated sample and from garnet-biotite pairs several decimeters below the base of the ophiolite, indicate that the 4°Ar/39Ar age is close to the age of metamorphism.
However, the metamorphic sole preserves a general record of its origin, conditions of dynamothermal metamorphism, and tectonic evolution.
Exposures of the metamorphic sole have a consistent succession of garnet-bearing amphibolite and quartz-mica mylonitic schists that decrease in metamorphic grade downward into greenschist facies and unmetamorphosed protoliths. The protolith of amphibolite grade mylonite that is "welded" to the structural base of the Brooks Range ophiolite document the crustal composition of footwall rocks that first underthrust the hot ophiolite as it was detached and moved upward. Geochemical similarity between mafic amphibolites and Copter Peak allochthon basalt is interpreted as evidence that the basalt was one of the first crustal units to underthrust the ophiolite after detachment. Mn-rich garnet in pelitic material are consistent with a chert and psammitic sedimentary protolith that is abundant in the Copter Peak allochthon and Etivluk Group. Chemical, age, and stratigraphic links between the metamorphic sole and distal parts of the Arctic Alaska continental margin indicate that the Brooks Range ophiolite was formed and emplaced very near to the continental margin. Boudier and Nicolas (1988) propose a "compressed" spreading ridge tectonic model for the detachment of Oman-type ophiolites. If the Brooks Range ophiolite and other ophiolites formed at a spreading ridge that overthrust itself, metamorphic soles would be composed of rocks similar in composition and age to the ophiolites. However, differences in geochemistry and age between ophiolite and metamorphic sole rule out this tectonic scenario for the Brooks Range.
A more likely scenario that is consistent with geochemical, structural, and petrologic data is that the Brooks Range ophiolite formed above a young subduction zone that developed near the Arctic Alaska continental margin (Fig. 8) . As the continental margin was plll1ed into the subduction zone it underthrust the hot ophiolite (young arc). Thrust stacking beneath the leading edge of the ophiolitic upper plate may have been what caused the ophiolite to detach from its roots, forming a passive roof thrust above the developing orogen.
Strain associated with the structural emplacement of the Brooks Range ophiolite was localized in the metamorphic sole, where strain rates may have been as much as 10-10 S-1 to 10-9 S-1.
Ductile strain produced blastomylonitic fabrics where crystal plastic flow was locally overprinted by thermal annealing. Flow stress estimates, based on progressive quartz subgrain size reduction, yield a stress gradient of 2-3 MPa/m in the metamorphic sole.
Temperature sensitive chemical changes in plagioclase, amphibole, and garnet overgrowths indicate that metamorphic grade increases upward toward the ophiolite. Variations in prograde and retrograde patterns exist. Most crystal growth was synkinematic at temperatures near that predicted for hornblende Ar retentivity. Geothermometric estimates from garnet-bearing amphibolite near the ophiolite yield minimum temperatures of 500-560°C. These temperatures are consistent with the type of crystal plastic deformational mechanisms (dislocation glide and creep) observed in microstructures. Assuming an initial thiclmess of around 500-600m, from amphibolite-grade schist to unmetamorphosed basalts, a minimum thermal gradient of 500-600°C/km is predicted. This estimate does not take into account the higher temperatures necessary (650-700°C) to produce partial melts along the base of the ophiolite, which approach the maximum static temperature for contact metamorphism.
An estimate of the maximum temperature attainable by linear flow from a hot hanging wall of peridotite (Th=1,100-1,200°C) into a cool footwall (Tf=0-100°C) is given by 0.5(T), where T = Th -Tf (Jaeger, 1961; Spray, 1984) . Applying this constraint to probable conditions at the base of the ophiolite yields maximum temperatures of 500-600°C, which are not high enough to produce partial melts. Frictional heating may account for some excess heat, but its input is limited by the low strength of the hot hanging wall and weak material in the footwall (Spray, 1984) . Another possible .explanation are the "iron board" models proposed by Pavlis (1986) and Smith (1988) . These models account for the interplay of thermal and mechanical processes associated with a hot, moving ophiolite slab over wet upper crustal material. The models predict that preheating, either of the footwall or hanging wall by the leading edge of the slab can raise temperatures an additional 200°C and cause local melting. Each viable model is constrained by the temperatures recorded in the metamorphic sole, which limits the time available for the Brooks Range ophiolite to cool before coming into contact with the Copter Peak allochthon to a few million years.
The inverted metamorphic gradient, overlap between ages of ophiolite cooling and subophiolite metamorphism, and structural and petrologic associations indicate that the metamorphic sole formed during tectonic emplacement of the Brooks Range ophiolite while it was still hot over mafic igneous and sedimentary rocks of the Copter Peak allochthon and perhaps other continental margin units. The timing of this event (164-169 Ma) provides a minimum age for ophiolite genesis and maximum age for the initiation of the western Brookian orogen. The development of the metamorphic sole during ophiolite emplacement documents the thermal and mechanical conditions of the event. The narrow time and temperature windows between ophiolite genesis and emplacement, implies limited travel; that the Brooks Range ophiolite was near its birth place at the time of subophiolite metamorphism and tectonic emplacement. The general synchroneity between cooling ages of the ophiolite and its metamorphic sole is a cornmon feature of many Oman-type ophiolites (Spray, 1984) . This feature is a characteristic of ophiolite genesis by pericollisional extension (Harris, 1992) .
Incorporation of the Brooks Range ophiolite and Copter Peak allochthon into the Brookian fold-thrust zone resulted in cooling of the metamorphic sole. This event coincided with the first evidence of north-directed orogenic (Brookian) sedimentation (Mayfield et al., 1983) and of metamorphism associated with the orogen (Christiansen and Snee, 1994; Gottschalk and Snee, this volume, Chapter 13). The transition from ductile to more brittle deformation mechanisms follow within 5-10 m.y. of peak-metamorphism as evidenced by the cooling ages of mica schists in the metamorphic sole (Wirth and Bird, 1992) . Continental underthrusting beneath the ophiolite produced a hinterland belt of high-pressure blueschists that was subsequently overprinted by a greenschist-grade event. Metamorphic cooling occurred from 130 to 100 Ma (Armstong et al., 1986; Gottschalk, 1990; Christiansen and Snee, 1994; Gottschalk and Snee, this volume, Chapter 13) .
Uplift and unroofmg of the hinterland Schist belt may be responsible for postemplacement fragmentation and remobilization of the Brooks Range ophiolite nappe and its metamorphic sole. This event is documented by the fault juxtaposition of amphibolite with greenschist-facies rocks within the metamorphic sole, and the stacking of these rocks above continental margin sedimentary rocks with conodont alteration values of only 1-2 . The final phase of brittle deformation recorded by the metamorphic sole may be associated with strike-slip faulting. Mutter et al., 1988) . The width of the intracratonic basin sequence is underestimated for illustration purposes. The dashed line marks the breakup unconformity.
